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1. Primers used in this study 










































































































Calcium	mobilization.	 DD-MYC-Fer1	 parasites	 also	 expressing	 GCaMP3	 (Table	 2)	were	
grown	 overnight	 in	 a	 flask.	 Flasks	were	washed	 once	with	 PBS	 and	 replaced	with	 Endo	
buffer	[49.]	Parasites	were	mechanically	lysed	and	resuspended	in	3ml	of	Endo	buffer	to	be	
split	 per	 condition.	 SHLD	 was	 added	 at	 1uM	 and	 incubated	 2hours.	 A23187	was	 added	










































pTubYFP_Fer1-C2D-F CATGGACGAGCTGTACAAG CCTAGG CAGCGCGCCCCCAGACTG
3’DHFR_Fer1C2DE-R GGCTGCAGGTTAGAGCTC GATATC TTAGGACTCGGCGCGTTCGC 





pU6 crispr/cas9 Sebastian Lourido [55]
pU6 crispr/cas9 PLP1 prtospacer 3' near ATG In House
pU6 crispr/cas9 PLP1 protospacer 5' In House

















NAME Species IFA dilution western dilution source
MIC2 6D10 mouse  1:2000  1:8000 David Sibley[56]
GRA1 (TG17.43) mouse  1:500  1:15000 BioVision.com[57]
GFP mouse  1:500 Abgent
MIC2 rabbit  1:1000  1:2000 David Sibley[56]
MIC8 rabbit  1:1000 Dominique Soldati [58]
PLP1 rabbit  1:500 Vern Carruthers [21]
IMC3 rat  1:2000  1:1000 [59]
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	 Using	 mammalian	 Ferlins	 as	 a	 guide,	 we	 considered	 whether	 FER1	 could	
have	an	additional	function	in	trafficking	micronemes	to	their	ultimate	destination.	
Using	 immunofluorescence	microscopy,	we	will	 show	 that	 FER1	has	 a	 differential	
effect	 on	 the	 positioning	 of	 the	 two	 sub-populations	 of	 micronemes.	 We	 will	
additionally	use	time-lapse	to	show	that	FER1	traffics	 from	the	apical	 to	basal	end	
together	with	MIC2.		
We	have	previously	shown	that	mutations	to	one	of	the	critical	C2	domains,	
C2D,	has	a	differential	effect	on	the	two	sub	populations	of	micronemes	[52].	Point	
mutations	were	introduced	changing	aspartate	to	alanine	to	destroy	the	calcium	
binding	pocket	of	FER1	C2D.	This	mutation	resulted	in	a	diminished	signal	for	MIC2,	
part	of	the	Rab5A/C	independent	population.	MIC8,	a	Rab5A/C	dependent	
microneme,	was	unaffected.	To	further	understand	the	role	FER1	plays	in	these	
differences	we	decided	to	take	a	more	detailed	look	at	both	populations	of	
micronemes	when	overexpressing	the	full-length	wildtype	FER1.	Based	on	these	
previous	experiments,	we	expect	the	over-expression	to	have	a	much	more	
pronounced	effect	on	the	MIC2	population.	
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	FER1	and	wildtype	parasites	were	grown	overnight	on	coverslips	and	
induced	with	SHLD	for	two	hours	before	fixing	with	4%	PFA.	We	stained	with	either	
MIC2	or	MIC8.	Images	were	taken	for	all	four	conditions.	We	then	divided	the	
parasite	into	quadrants	referred	to	as	apical	tip,	mid-apical,	nuclear	and	basal.	
(Figure	7A).	Using	FIJI	imaging	software,	we	measured	fluorescence	intensity	of	
each	quadrant.	(Figure	7A).	We	then	quantified	and	plotted	all	points	to	compare	
intensity	of	quadrants	for	each	condition	tested	(	Figure	7B-E).	We	chose	to	break	
up	the	measurements	in	this	way	in	order	to	best	capture	differential	positioning	of	
the	micronemes.	For	example,	a	more	scattered	signal	will	show	up	as	a	down	shift	
across	all	quadrants,	whereas	the	whole	vacuole	measurement	may	have	missed	
this	difference.		
Looking	first	at	the	apical	tip	measurements,	FER1(clone	7)	MIC2	has	a	
significantly	upshifted	signal	relative	to	the	wildtype	(Figure	7B).	On	the	other	end,	
there	is	a	slight	but	significant	downshift	in	MIC2	signal	at	the	basal	end.	(Figure	
7C).	In	the	other	two	quadrants,	Clone	7	MIC2	signal	is	comparable	to	the	wildtype	
(Figure7B-E).		In	contrast,	the	MIC8	signal	significantly	downshifts	at	all	points,	
suggesting	that	either	the	signal	is	scattered	and	MIC8	is	not	being	mis-trafficked,	or	
there	is	less	protein.	Again,	we	are	seeing	that	there	is	a	difference	in	the	how	
Rab5A/C	dependent	micronemes	are	acted	on	by	FER1,	another	piece	of	evidence	
confirming	the	existence	of	microneme	subpopulations.	With	this	is	mind,	it	is	
possible	that	multiple	proteins	fill	a	similar	role	in	trafficking	the	difference	
subpopulations.	
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The	concentration	of	MIC2	signal	at	the	apical	tip	is	in	line	with	our	
expectations	from	previous	data.	It	would	seem	that	the	overexpression	of	FER	is	
causing	MIC2	to	accumulate	at	the	apical	tip	as	well	as	being	trafficked	away	from	
the	basal	end,	where	MICs	are	sent	for	recycling.	
	
	
	
	
	
Figure	7.	Quantification	of	MIC2	and	MIC8	trafficking	in	wildtype	and	FER1FL	
background.	Signals	were	measured	using	ImageJ	software	and	compared	for	four	
different	sub-sections	of	the	parasite.	A.	Image	representation	of	FER1	overexpression	
and	its	impact	on	MIC2	and	MIC8	and	how	measurement	areas	were	defined.	White	
arrows	indicate	MIC2	increased	signal	at	the	apical	tip.	B.		Tip.	C.	Mid-Apical.	D.	Nuclear	
E.	Basal.	31	parasites	were	measured;	error	bars	show	average	±std.	Bars	indicate	
comparison.	N.S	is	not	significant.	Unpaired	t-test	with	a	significance	of	p	<0.05	where	
****	p	value	<0.0001	***	p	value	0.0001	**	p	value	0.002	*	p	value	0.015.	
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In	an	effort	to	capture	FER1	trafficking	MIC2,	we	transfected	an	additional	
MIC2	mCherry-RFP	fusion	plasmid	into	the	FER1	background.	After	letting	the	
parasites	invade	host	cells	overnight,	we	imaged	from	the	moment	SHLD	was	added	
for	a	total	of	5	hrs	(Figure	8).	The	YFP	signal	reporting	on	FER1	overexpression	
becomes	visible	after	2	hrs	of	induction	(Figure	8A).	We	have	previously	seen	in	still	
images	that	anti-FER1	localizes	to	the	somewhat	peripherally	as	well	as	apically	
[52].	During	this	time-lapse,	we	were	able	to	see	how	truly	dynamic	FER1	actually	is.	
It	appears	first	as	two	dots	in	the	apical	end	of	the	parasite.	Gradually,	a	peripheral	
signal	appears	and	begins	to	migrate	toward	the	basal	end	of	the	parasite.	MIC2,	
likewise,	is	apical	to	begin	and	migrates	together	with	FER1	as	the	parasite	is	
dividing.	These	are	likely	the	micronemes	to	be	recycled.	Indeed,	the	MIC2	signal	
appears	at	the	most	basal	end	in	a	cluster	at	4:00	hours.	The	MIC2	signal	is	encased	
in	a	circle	of	FER1	at	what	can	only	be	the	residual	body	(Figure	8B).	As	division	
completes,	FER1	re-appears	at	the	periphery	and	signal	at	the	RB	diminishes.	
Throughout	division,	the	two	apical	punctate	FER1	remain,	seemingly	moving	about	
just	in	this	apical	region.	At	3:30,	this	signal	seems	to	migrate	up	closer	to	the	tip,	
and	retreats	back	toward	a	more	central	location,	perhaps	right	in	the	middle	of	the	
endocytic	pathway.	
Both	signals	begin	to	creep	back	up	the	parasite	body	at	the	end	of	division	as	
the	daughter	cells	become	clearly	visible.	At	no	point	in	this	live-capture	do	FER1	
and	MIC2	have	true	co-localization.	They	are	clearly	migrating	together,	but	FER1	
may	not	directly	tether	micronemes	but	may	instead	be	part	of	a	complex—or	work	
closely	with	another	protein—that	does	tether	micronemes.		
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Figure	8.	Time-lapse	of	FER1	induction	with	SHLD	(green)	together	with	MIC2	
(red).	A.	All	time-points	collected	2	hrs	post	SHLD	induction.	FER1(green)	is	on	the	
top	panel	while	MIC2	(red)	is	on	the	bottom.	Time	is	indicated	in	hours	post	SHLD	
induction.		Numbers	at	the	tip	apical	tip	indicate	the	number	of	parasites	at	02:00	
and	post	division	at	4:30.	A	white	circle	at	02:00	indicates	two	punctate	FER1	signals	
at	the	apical	tip	(green)	and	MIC2	clustered	at	only	the	apical	end	(red).	B.	
Magnification	of	critical	timepoints	showing	the	formation	of	residual	body.	White	
arrow	indicates	residual	body	(green)	while	white	circles	indicate	MIC2	at	the	apical	
tip	and	a	pink	circle	encompasses	MIC2	at	the	residual	body.		
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OVERALL	DISCUSSION	
	 Since	there	is	a	large	body	of	knowledge	in	existence	for	mammalian	Ferlins,	
predicting	a	role	for	Toxoplasma	Ferlin	family	proteins	was	fairly	straight	forward.	
Many	C2-domain	containing	proteins	are	involved	in	secretion,	therefore	it	was	
natural	to	place	Toxoplasma	Ferlins	in	the	secretory	pathway.	There	is	much	already	
known	about	Toxoplasma	invasion	and	egress,	specifically	that	secretion	of	apical	
organelles,	micronemes	and	rhoptries,	is	necessary.	Placement	of	Ferlins	at	some	of	
the	‘question	marks’	in	this	pathway	seemed	logical.	Indeed,	this	lab	has	already	
shown	FER2	to	be	involved	in	rhoptry	secretion	[6].	Our	analysis	suggests	that	FER1	
may	help	to	traffic	micronemes	to	the	residual	body	to	be	recycled	as	well	as	toward	
the	apical	tip	for	secretion.	
	 Originally,	we	considered	FER1	a	likely	candidate	to	act	exclusively	at	the	
apical	tip,	working	in	a	manner	similar	to	synaptotagmins	during	vesicle	fusion.	
However,	being	a	Ferlin	family	protein	with	multiple	C2	domains	broadens	the	
potential	roles.	Indeed,	there	is	already	a	precedent	for	mammalian	Ferlins	playing	
many	parts,	including	trafficking	vesicles	[35].	The	live-cell	imaging	of	FER1	
indicates	that	there	is	a	dynamic	localization.	Though	this	does	not	necessarily	
demonstrate	active	transport	by	FER1,	it	does	imply	a	dynamic	role	for	FER1	in	
mediating	microneme	trafficking.	(Figure	8).		
Previous	research	has	demonstrated	the	role	of	F-actin	in	recycling	
micronemes	during	division	[50].	While	some	micronemes	are	made	de-novo,	it	has	
been	found	that	about	half	are	recycled	from	the	mother	to	the	daughter	cells.	
Similar	to	the	FER1	signal	(Figure	8B),	F-actin	can	be	found	forming	a	circle	within	
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the	parasitophorous	vacuole	making	up	the	residual	body.	This	scaffold	was	found	
to	be	critical	in	microneme	recycling	[50].	The	question	to	be	asked,	then,	is	what	
the	relationship	between	FER1	and	F-actin	is.	With	the	evidence	presented,	I	would	
predict	FER1	would	co-localize	with	F-actin	at	the	RB.	This	experiment	would	
confirm	that	FER1	is	indeed	at	the	RB,	making	it	a	more	likely	candidate	to	be	
involved	in	recycling.	
	 Given	all	of	the	evidence	presented	here	and	in	the	context	of	what	is	already	
known,	FER1	has	the	potential	to	fill	the	role	of	retrograde	transport	as	well	as	
positioning	at	the	apical	tip	on	the	sub-pellicular	microtubules.	In	both	the	live-cell	
imaging	shown	here	and	in	previous	imaging,	the	peripheral	signal	of	FER1	is	
overwhelming.	The	live	imaging	allowed	us	to	see	that	this	signal	is	also	dynamic	
and	likely	involved	in	transport	of	micronemes	to	both	the	apical	tip	and	basal	end	
of	the	parasite.		
	 The	calcium	experiments	lead	us	to	believe	there	must	be	a	role	for	active	
secretion	as	well	as	trafficking.	At	the	apical	tip,	we	see	that	at	no	point	does	the	
FER1	signal	totally	disappear,	suggesting	that	it	may	be	active	in	positioning	
micronemes	produced	de	novo	by	the	daughter	cell.	This	would	be	in	line	with	the	
quantification	of	MIC2	signal	at	the	apical	tip.	The	over-expression	of	FER1	caused	a	
significant	up-shift	in	signal	at	the	tip,	while	it	was	somewhat	diminished	in	the	
three	other	quadrants	measured.	For	MIC8,	the	Rab5A/C	dependent	population,	the	
signal	was	scattered.	Suggesting	that	while	FER1	may	not	actively	traffic	this	
population,	the	overexpression	may	have	interfered	with	successful	trafficking.		
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We	propose	that	additional	FER1	in	the	parasite	positions	more	Rab5A/C	
independent	micronemes	at	the	periphery,	causing	micronemes	to	move	up	the	
microtubules	and	thereby	leading	to	premature	secretion	(Figure	9A-D).	While	on	
the	other	end,	FER1	also	traffics	to	the	basal	end	to	recruit	micronemes	to	be	
recycled	during	division	(Figure	9C-D).	This	thesis	therefore	concludes	that	the	role	
of	FER1	has	a	dynamic	role	and	acts	at	the	apical	tip	to	position	and	at	the	basal	end	
to	recycle	Rab5A/C	independent	micronemes.		
	 		
	
Figure	9.	Model	of	FER1	as	a	trafficking	mediator	protein	for	recycled	micronemes.	A,	B.	
Overexpressed	FER1	(green)	begins	to	migrate	with	MIC2	(red)	to	the	basal	end	during	
invasion.	During	division,	cell	is	disassembled	and	MIC2	and	FER1	accumulate	in	the	residual	
body	(indicated	by	black	arrows).	C.	Meanwhile,	newly	made	MIC2	is	sent	to	the	apical	tip	
(purple)	of	daughter	cells	to	be	positioned	by	FER1	remaining	at	the	apical	end.	D.	Toward	
the	end	of	replication,	recycled	MIC2	is	trafficked	toward	the	apical	tip.		
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